The work function dependence of the neutralization of low-energy He ϩ , Ne ϩ , and Ar ϩ ions was studied by determining the neutralization probability of ions scattered from submonolayer coverages of Ba on W͑110͒ and Re͑0001͒ substrates. At high work functions ͑Ͼ3.5 eV͒, it was found that the dominant neutralization mechanism for noble gas ions with initial energy between 2 and 5 keV scattering from Ba is collision-induced neutralization. The neutralization probability for this mechanism was found to be insensitive to work function changes. We argue that collision-induced neutralization is also the dominant charge transfer process for scattering from other earth-alkali and alkali elements in this energy range, although at lower energies it is expected that Auger neutralization will become important. At work functions below roughly 3.5 eV, resonant neutralization to the first excited level of the noble gas ions occurs in addition to the charge transfer processes operating at high work functions. We show that the additional neutralization at low work functions can be described using resonant charge exchange theory. Due to resonant neutralization, the neutralization probability for noble gas ions increases exponentially with decreasing work function.
I. INTRODUCTION
Low-energy ion scattering ͑LEIS͒ using noble gas ions is a surface analysis technique that only probes the outermost atomic layer of the surface. This extreme surface sensitivity is the result of the high neutralization probability of noble gas ions during interaction with the surface atoms. Although LEIS is widely applied for investigations of the outermost atomic layer of many different types of solid surfaces, the neutralization mechanisms of noble gas ions have not yet been indisputably established and are still the subject of many investigations.
The subject of this paper is the work function dependence of the neutralization of noble gas ions. The neutralization mechanisms at low work functions are especially interesting because LEIS studies have shown a strong influence of the work function on the neutralization probability. [1] [2] [3] [4] [5] [6] [7] Several authors have suggested that at low work functions noble gas ions can be neutralized by a mechanism involving a ͑reso-nant͒ charge transfer to the first excited level of the ion. 2, 4, 8 However, a systematic investigation of the work function dependence of the neutralization probability at low work functions is absent in the literature.
We have investigated the neutralization behavior of He ϩ , Ne ϩ , and Ar ϩ noble gas ions over a work function range extending from 6 eV down to 2 eV. The work function variation for these investigations was induced by adsorbing Ba on W͑110͒ and Re͑0001͒ single crystals. The neutralization probability for noble gas ions scattered from these systems was determined using the characteristic velocity method. 5, 9, 10 From the observed work function dependence of the neutralization, combined with results from neutralization studies reported in the literature, the nature of the neutralization mechanisms is deduced. In Sec. II a short overview of the possible neutralization mechanism for noble gas ions is given. For clarity, in this overview we have already incorporated to some extent the conclusions from our investigations.
In the following sections of this paper we present the evidence for these conclusions. The experiments and the methods used to vary the work function are described in Sec. III. Subsequently, in Sec. IV we present and discuss the results of our investigations. The main conclusions are summarized in Sec. V.
II. NEUTRALIZATION MECHANISMS
In LEIS, noble gas ions are directed onto the surface and the ions that scatter back from the surface are analyzed. Due to the interactions with the surface atoms, ions can be neutralized by several neutralization mechanisms: Auger neutralization ͑AN͒, collision-induced neutralization ͑CIN͒, and resonant neutralization ͑RN͒. The acronyms AN, CIN, and RN will be used throughout the remainder of the paper to indicate the respective neutralization mechanisms. Along the ion trajectory each of these mechanisms can occur at a specific interaction distance, which is different for the various mechanisms. Neutralization along the trajectory can be divided into three sections: 11, 12 ͑1͒ the incoming trajectory, ͑2͒ the violent collision, and ͑3͒ the outgoing trajectory. Which mechanism͑s͒ takes place depends on the ion-target combination, on the work function of the system, and on the energy of the ion. Several mechanisms may be operating simultaneously.
A. Auger neutralization
In AN, an electron is transferred from the metal conduction band of the surface to the ground state of the ion. 13, 14 The energy surplus of this transition is used to emit a second electron from the conduction band ͑see Fig. 1͒ . Auger neutralization can take place when there is sufficient overlap between the orbitals of the ion and the surface atoms, which is the case at a distance of approximately 1-2 Å. 8, 15 The neutralization probability depends on the density of electrons available for the transition and is in first-order approximation proportional to the square of the electron density of the target atoms since two electrons are involved in the process. 16 The transition probability thus depends on the ion-target combination. Furthermore, the neutralization probability depends on the velocity of the ion: a slow ion spends more time within the spatial region where Auger transitions can take place and therefore has a large neutralization probability.
Since the pioneering work by Hagstrum, 13, 14 AN is often assumed to be the dominant neutralization mechanism for noble gas ions due to the large ionization potentials of the ground state of the ions ͑see Table I͒ . However, in this paper we show that the Auger process plays no significant role in the neutralization of noble gas ions scattered from alkali and alkali-earth elements, with an initial energy between 2 and 5 keV. Note that here we only consider small impact parameters that are required for ions to be backscattered ͑the impact parameter ranges between 0.02 and 0.09 Å in these studies, the distance of closest approach between 0.1 and 0.5 Å͒. At large impact parameters occurring for lower energies or smaller scattering angles, AN is expected to play an important role.
B. Collision-induced neutralization
Several experimental and theoretical investigations have questioned the assumed dominance of the Auger mechanism and suggested that noble gas ions can also be neutralized during the violent collision between the ion and target atom. 11, 12, [17] [18] [19] Much work on this subject was performed by Boers 12 and later by Souda et al. 17 For the neutralization process at close encounter we will use the term CIN ͑collision-induced neutralization͒, as introduced by Souda et al. 17 During the violent collision between ion and target atom, the ground state of the ion can be promoted due to its interaction with the core levels of the target atom. [20] [21] [22] At small distances, of the order of 0.5 Å, the ground state of the ion is aligned with the bottom of the conduction band, enabling resonant charge exchange between the ground state and the levels at the bottom of the band ͑see Fig. 1͒ . Consequently, the noble gas ions can be neutralized, and ions that were neutralized on the incoming trajectory can be re-ionized. 8, 15, 17, 22, 23 The probability for CIN ͑and re-ionization͒ depends strongly on the ion-target combination, because the ground-state promotion depends on the energy of the ground state relative to the core levels of the target atom. 20, 21 The neutralization probability furthermore depends on the velocity of the ion, which determines the time available for resonant charge transfer to the ground state.
In this paper we argue that CIN is an important neutralization mechanism for noble gas ions scattered from alkali and alkali-earth elements. Moreover, at high work functions it is the dominant neutralization mechanism for these elements.
C. Resonant neutralization
Neutralization of noble gas ions is also possible by resonant electron transfer to the first excited level of the ion. This mechanism is similar to neutralization for alkali ions, 24, 25 where the energy of the ground state is comparable to the first excited level of noble gas ions. Although several studies have suggested the possibility for this mechanism, 2,4,8 here we show it does indeed take place, but only at low work functions. Moreover, at work functions of the order of 2 eV, RN may become the dominant mechanism for noble gas ions.
The RN can be described as follows. When an ion is near the surface, the population of the shifted and broadened level is in equilibrium with the substrate and will become occupied up to the Fermi edge ͑see Fig. 1͒ . Along the outgoing trajectory, the charge exchange rate decreases with increasing distance and becomes small compared to the rate of level shifting and narrowing. At a distance referred to as the freezing distance the equilibrium is ''frozen'' ͑approximately of 2-4 Å͒, and the extent to which the level is filled at this distance determines the charge fraction. 26, 27 With increasing velocity of the ions, the freezing distance decreases, and consequently the neutralization probability decreases. Furthermore, from Fig. 1 it is also apparent that the neutralization probability is determined by the position of the Fermi edge and thus depends on the work function.
Due to RN, the noble gas ions are in an excited state as they leave the surface. Deexcitation of the excited noble gas ion cannot take place by a direct transition of the electron to the ground state under the emission of a photon ͓according to Hund's rules this is a forbidden transition with ⌬lϭ0 (2s →1s)͔. Therefore, deexcitation has to occur through Auger deexcitation or autodetachment. 28 -32 The transition rates of these deexcitation processes are approximately one order of magnitude smaller than the transition rates for resonant charge exchange. 28, 33 Therefore, it is expected that RN to the first excited level can in first order be treated without taking deexcitation into account.
D. Neutralization probability
Despite the fundamental differences between these neutralization mechanisms, the neutralization probability for each mechanism has a similar dependence on the velocity of the ion. The probability that the incident ion leaves the surface as an ion after interaction͑s͒ with the surface atom͑s͒ is represented by the ion fraction P ϩ , which depends on the ion velocity v according to 14, 25, 34 
The characteristic velocity v c is a measure for the neutralization rate, where the physical parameters that determine the characteristic velocity depend on the type of mechanism. The exact definition of the reciprocal ion velocity 1/v depends on the neutralization mechanism and whether the interaction involves only the direct scattering partner or more neighboring surface atoms. AN takes place at a distance of approximately 1-2 Å from the scattering partner and can involve neighboring atoms on the incoming and outgoing trajectories. Therefore, the reciprocal ion velocity is defined as 1/vϭ1
where v i Ќ and v f Ќ are the velocities of the ion normal to the surface on the incoming and outgoing trajectories, respectively ͑Hagstrum model͒. 13, 14 CIN involves only the direct scattering partner, and the velocities relative to the target atom are used, defining the reciprocal ion velocity as 1/vϭ1/v i ϩ1/v f ͑as in the Godfrey-Woodruff model͒. 10, 35, 36 For RN involving the first excited level, the neutralization probability is determined at distances of 2-4 Å, and thus like the Auger process the interaction involves more than one surface atom. 25 Because the neutralization is determined here on the outgoing trajectory, the reciprocal ion velocity is defined as 1/vϭ1/v f Ќ . These different definitions of the reciprocal ion velocity imply that the correct choice can only be made once the nature of the mechanism is known. However, independent of this choice, the neutralization behavior can be described by Eq. ͑1͒, and only the magnitude of the characteristic velocity is influenced by the choice of 1/v. It should thus be stressed that even when it is not known which mechanism is dominant, independent of the choice of the definition of the reciprocal velocity, the experimental results still obey Eq. ͑1͒ for the mechanisms discussed above. This is also true if more than one mechanism contributes to the neutralization. The value of the characteristic velocity that we obtain by fitting the experimental results will, however, depend on the choice of our definition.
Here we have not discussed the quasiresonant core-level neutralization that takes place for some ion-target combinations, like, e.g., He ϩ -Pb, 34, 37 since it is a rather exceptional process that yields an oscillatory neutralization behavior as a function of the velocity.
III. EXPERIMENT

A. Setup
The investigations were performed in the UHV setup MiniMobis, which has a base pressure of 1ϫ10 Ϫ10 mbar and is described elsewhere. 5, 38 Instrumentation was available for LEIS, Auger electron spectroscopy ͑AES͒, and low-energy electron diffraction ͑LEED͒. The ion scattering was performed using He ϩ , Ne ϩ , and Ar ϩ noble gas ions with an initial energy between 2 and 5 keV. The incident ion beam was directed perpendicular to the surface, and the ions that scattered back over an angle of 136°were analyzed by a cylindrical mirror analyzer ͑CMA͒. Auger electron spectroscopy was performed with the use of a grazing incidence electron beam, where electrons were directed towards the sample at an angle of 10°with the surface plane. The Auger electrons were detected by the same CMA as used for the ion scattering. The work functions of the surfaces were derived from the onset of the secondary electron emission, [39] [40] [41] where the secondary electrons were created by the AES electron beam. Since this method is a relative work function measurement technique, a clean W͑110͒ substrate was used as a reference ͓ϭ5.4 eV ͑Ref. 42͔͒. The characterization and cleaning procedures of the W substrate have been reported elsewhere. 43
B. Methods of inducing the work function change
We adsorbed submonolayers of Ba atoms on W͑110͒ and Re͑0001͒ single crystals in order to investigate the neutralization over a large work function range. The work function change induced by Ba adsorption is similar to the behavior observed in alkali-metal systems: 44 -46 at each adsorption site the charge donation to the substrate leads to the creation of a dipole antiparallel to the surface dipole, thereby causing a decrease of the work function. Figure 2 shows the work function of the Ba/W͑110͒ system as a function of Ba coverage ͑open circles͒. The Ba coverage was deduced from the Ba͑512 eV͒/W͑169 eV͒ Auger signal ratio and calibrated by assigning the work function minimum of ϭ1.8 eV to a coverage of Ba ϭ0.4 ML. 42 One monolayer corresponds to a Ba density of 6.3ϫ10 14 atoms/cm 2 for a close-packed hexagonal structure. The accuracy of the coverage and work function measurements is indicated by the error bars in Fig.  2 ; for each curve, we show only one error bar for clarity, but the other points of the same curve have the same error bars. The solid curve represents the results from Gorodetskii and Melnik for the work function of the Ba/W͑110͒ system. 47 The work function curve for the Ba/Re͑0001͒ system is not presented, but shows a similar dependence on the Ba coverage. 48 The electrostatic repulsion between the different Ba dipoles results in a uniform distribution of the Ba atoms across the substrate for both the Ba/W and the Ba/Re system. 47 As an alternative method of inducing work function changes, the Ba/W͑110͒ system at a fixed Ba coverage of Ba ϭ0.4 ML (ϭ1.8 eV) was exposed to an increasing amount of oxygen ͑0-4 L͒. The oxygen adsorption leads to depolarization of the Ba-W dipoles and counteracts the effect of the alkali-earth adsorption. [49] [50] [51] The oxygen exposure thus increased the work function to a value that is close to that of clean W͑110͒. Figure 2 also shows the work function for the Ba/O/W͑110͒ system as a function of oxygen exposure ͑solid circles͒.
C. Characteristic velocity method
The characteristic velocity can be derived from the dependence of the measured LEIS signal on the initial energy of the ions. The LEIS signal S k (E i ) for ions with initial energy E i scattering from species k is defined as the area of the corresponding peak in the LEIS spectrum and is proportional to the surface density n k and the ion fraction P k ϩ (E i ) ͑Ref. 38͒:
Here (E i ) and T(E i ) are the ion detection efficiency and the analyzer transmission, respectively, which both depend on the energy of the ions. 38, 52 The differential scattering cross section d k /d⍀(E i ) depends on the initial ion energy and can be calculated by using, e.g., the Molière approximation to the Thomas-Fermi potential. 53, 54 The influence of the roughness on the LEIS signal is neglected here because wellordered flat single crystals are used. Combining Eqs. ͑1͒ and ͑2͒, we find
This equation shows that the characteristic velocity v c k for scattering from species k can be derived from the energy dependence of the LEIS signal after correcting for the energy dependences of the detection efficiency, analyzer transmission, and scattering cross section. Plotting the logarithm of the corrected signal versus the reciprocal ion velocity yields the characteristic velocity as the slope of the line. Note that Eq. ͑3͒ only holds if the neutralization mechanisms remain the same over the energy range being studied. If a neutralization mechanism is only operating in part of the energy range or the characteristic velocity for a process changes, the plot will not show a simple straight line and the analysis does not work.
At infinite velocity the ion fraction equals unity, and thus the surface density n k of the species under investigation can be derived by extrapolating the LEIS signal to infinite velocity. It should be noted that in general caution is required in such an extrapolation, since it is only valid if the neutralization mechanism follows Eq. ͑1͒ with a constant characteristic velocity over the entire energy range: we refer to the literature for details on using the extrapolation method for this system. 55 If the instrumental energy dependences of the setup are not exactly known, the characteristic velocity cannot be correctly derived. For our LEIS setup the energy dependences of the detection efficiency and analyzer transmission have been investigated and reported elsewhere. 38
IV. RESULTS AND DISCUSSION
A. Evidence for work function dependent neutralization
A demonstration of the influence of the work function on the neutralization of the ions is given in Fig. 3 . Here the ion scattering signal for 2-keV Ne ϩ ions scattered from Ba atoms is shown as a function of Ba coverage. For low Ba coverages ( Ba Ͻ0.12 ML) and corresponding high work functions (Ͼ3.4 eV) the Ba signal is proportional to the Ba coverage, as expected for a constant neutralization probability. Above a coverage of Ba ϭ0.12 ML a deviation from this proportionality is observed, and the Ba signal decreases with increasing Ba coverage. The W substrate signal continuously decreases with increasing Ba coverage, which indicates that no cluster formation takes place and that the Ba adatoms form a uniform layer. 46, 47 Since the initial energy of the Ne ϩ ions was fixed, the detection efficiency, analyzer transmission, and scattering cross section are constant. The observed behavior can therefore only be explained by a strong continuous decrease of the ion fraction with increasing coverage; the signal decreases because the ion fraction decreases faster than the Ba density increases. Identical trends in the signal intensity versus coverage have been observed for He ϩ , Ne ϩ , and Ar ϩ ions. Evidently, above a certain Ba coverage-i.e., below a certain work function-an additional neutralization channel is available, and Eq. ͑3͒ does not describe the ion scattering yield correctly with the same characteristic velocity for different work functions.
B. Characteristic velocity versus work function
In Fig. 4 several characteristic velocity plots for Ne ϩ ions scattered from Ba adatoms are presented to demonstrate the influence of the work function on the neutralization behavior.
Here the Ba signal corrected for the instrumental energy dependence ͑right ordinate scale͒ is shown versus the reciprocal velocity. Extrapolation of the data points to infinite velocity yields the Ba coverage on the left ordinate scale. The reciprocal velocity was calculated as 1/vϭ1/v i ϩ1/v f based on the CIN mechanism, as explained in Sec. II D.
In Fig. 4͑a͒ ͑top panel͒ the characteristic velocity plots are shown for Ͼ3.4 eV, where the Ba signal is proportional to the Ba coverage. For these high work functions the characteristic velocity, represented by the slope of the line, is constant. This indicates that at high work functions the noble gas ions are neutralized by a mechanism insensitive to work function changes. In addition, it is observed that the extrapolation to infinite velocity gives the correct Ba coverage as calibrated by Auger analysis.
In Fig. 4͑b͒ ͑middle panel͒ the characteristic velocity plots are shown for Ͻ3.4 eV, where the Ba signal de-creases with increasing Ba coverage. For comparison, the characteristic velocity plot for a work function of ϭ4.5 eV is also shown. The characteristic velocity clearly increases with decreasing work function. Thus at low work functions a mechanism occurs where the neutralization probability depends on the work function. Furthermore, it is apparent that the extrapolation to infinite velocity results in an overestimation of the Ba coverage. The explanation for this overestimation is given in Sec. IV D.
The characteristic velocities derived from these plots are shown in Fig. 5͑a͒ versus the work function. The figure shows a constant characteristic velocity plateau at high work functions (Ͼ3.4 eV) and a linear increase of the characteristic velocity at low work functions (Ͻ3.4 eV). Identical trends in the characteristic velocity versus work function curve are observed for He ϩ , Ne ϩ , and Ar ϩ ions: only the threshold below which the low-work-function neutralization channel is available depends on the ion type ͑see Table I͒ . The characteristic velocity values of the high-work-function plateau also depend on the ion type and are summarized in Table I . Figure 5͑b͒ shows the increase in the characteristic velocity relative to the constant value observed at high work functions. For example, the Ne ϩ curve in Fig. 5͑b͒ is obtained by subtracting a value of v c ϭ1.12ϫ10 5 m/s from the entire characteristic velocity curve in Fig. 5͑a͒ .
C. Auger versus collision-induced neutralization
In this section we discuss the basic neutralization mechanism for noble gas ions that is available at all work functions. Resonant neutralization involving the first excited level can only take place at low work functions and is there- fore not considered here ͑see Sec. IV D͒. Neutralization can thus take place by either AN or CIN. We focus on the results for He ϩ ions since most of the neutralization studies in the literature use He ϩ ions. Figure 6 presents the characteristic velocities for He ϩ scattered from various targets throughout the periodic system as determined by Mikhailov et al. 18 using an initial energy range between 1 and 3.5 keV ͑open symbols͒. The characteristic velocities determined in this work for He ϩ scattered from Ba and W atoms in the highwork-function limit (Ͼ3.4 eV) are indicated by crosses ͑ϫ͒. Figure 6 also shows the re-ionization probabilities for He ϩ ions for various target atoms as determined by Souda et al. 17 ͑solid symbols͒. The striking similarity between the re-ionization and neutralization trends across the periodic system was already noted by Mikailov et al. and strongly suggests that CIN plays an important role in the neutralization of noble gas ions ͑see Sec. II͒.
The characteristic velocities determined here for Ba and W fit very well in the observed trends. These trends in the re-ionization have been qualitatively explained by Tsukada et al., 20, 21 who calculated the level promotion of the ground state during the close encounter of He ϩ ions and various target atoms. These calculations show that for the VIII-II b elements no or little promotion takes place, while for the elements in the first columns of the periodic system the ground state of the noble gas ions is strongly promoted. Thus the minimum in the characteristic velocities in Fig. 6 around the VIII-II b elements is caused by the absence of sufficient promotion and the resulting absence of CIN.
Goldberg et al. 19 performed ab initio calculations of the neutralization of He ϩ ions scattered from Pd and concluded that in this case CIN is not significant, but that AN is dominant. Assuming that the characteristic velocity for Pd in Fig.  6 is completely due to AN, we can estimate the upper limit of the Auger contributions across the periodic system. The AN rate is in first-order approximation proportional to the square of the density of electrons available for the transition ͑see Sec. II͒. The estimated Auger contribution is indicated in Fig.  6 by the dashed curve, where the electron density for the various elements was calculated by dividing the number of valence electrons by the atomic volume.
We conclude that for neutralization of He ϩ ions scattered from Ba adatoms and all alkali and alkali-earth elements, the Auger mechanism plays no significant role. The neutralization thus must be dominated by CIN at high work functions. We emphasize that this conclusion is only valid for the initial energies used here. At lower energies ͑Ͻ0.5 keV͒, CIN will often not be possible due to the threshold energy for sufficient promotion, and consequently the neutralization will be dominated by AN. Furthermore, the conclusion is also only valid for the small impact parameters that are required for the ions to be backscattered ͑impact parameters in this study range between 0.02 and 0.09 Å͒. At large impact parameters the ground level promotion is not sufficient for CIN to take place, and AN will be the dominant mechanism. To determine at which impact parameter and energy AN becomes important needs further experimental and theoretical work.
That CIN is the dominant neutralization mechanism is in agreement with the observed insensitivity of the characteristic velocity to the work function ͑at high work functions͒. The ground-state promotion of the ions is determined by the core levels of the target, and the resulting resonant charge transfer involves the levels at the bottom of the conduction band. The neutralization probability due to CIN is therefore not expected to be sensitive to work function changes. Although Fig. 5 shows that the characteristic velocity increases at low work functions, CIN is expected to be work function independent over the whole work function range. The contribution of CIN is indicated in the figure by the horizontal dashed line. The characteristic velocity due to RN at low work functions ͑see Sec. IV D͒ is superimposed on the characteristic velocity due to CIN.
A similar neutralization behavior is observed for He ϩ , Ne ϩ , and Ar ϩ ions ͓see Fig. 5͑b͔͒ , which suggests that CIN is also the dominant mechanism for Ne ϩ and Ar ϩ ions at high work functions. However, definite conclusions can only be made when more results for neutralization of these ions during scattering from various target atoms across the periodic system become available.
D. Resonant neutralization at low work functions
In order to show that neutralization of noble gas ions at low work functions takes place by RN to the first excited level, we will demonstrate that the behavior observed in this work can be described by resonant charge exchange theory. We start by extracting that part of the neutralization probability that is exclusively due to RN at low work functions. The approach is demonstrated in Fig. 3 for Ne ϩ ions. The proportionality between signal and coverage observed for Ba Ͻ0.12 ML is extrapolated to larger coverages as is indicated by the dashed line. The extrapolation is only shown up to Ba ϭ0.15 ML, but actually extends to a signal intensity of 1.8ϫ10 5 counts/nC for a coverage of Ba ϭ0.4 ML. This line thus represents the hypothetical ion scattering signal in case CIN and AN were the only available mechanisms and RN were absent. The decrease of the measured signal compared to the dashed line is thus ascribed to RN. The ion fraction due to this mechanism is obtained by dividing the measured signal intensity ͑solid curve in Fig. 3͒ by the hypothetical signal intensity ͑dashed line in Fig. 3͒ . The resulting ion fractions for Ne ϩ scattered from Ba are shown in Fig.  7 on a logarithmic scale versus the work function for different initial energies. It is observed that the ion fraction decreases exponentially with decreasing work function, where the rate of decrease diminishes with increasing initial energy. Moreover, the work function below which RN is possible depends on the initial energy of the ions.
These observations can be explained as follows. When the work function decreases, the Fermi level is raised and the fraction of the broadened first excited level that is filled at the freezing distance increases ͑see Fig. 1͒ . Therefore, the neutralization probability increases with decreasing work function. Resonant charge exchange theory predicts for the ion fraction 27, 56 
͑4͒
Here a is the energy of the first excited state at the freezing distance and F is the Fermi level of the metal ͑see Fig. 1͒ . The constant C depends on the details of the charge exchange model used, 24, 59 but its value is not relevant for the discussion here. The velocity is defined as vϭv f Ќ because the neutralization probability is determined on the outgoing trajectory. The decay constant ␥ describes the decrease of the width ⌬(z) of the first excited level with increasing distance z between the ion and surface:
The exponential decrease of the ion fraction with decreasing work function as observed in Fig. 7 is thus consistent with the theory. Moreover, Eq. ͑4͒ predicts that the characteristic velocity increases linearly with decreasing work function, as observed from Fig. 5 . The increase of the characteristic velocity with decreasing work function is similar for the different ions ͓see Fig. 5͑b͔͒ , which suggests that the decay constants ␥ are comparable for the ions. Although to our knowledge no reports are available in the literature that compare the decay constants for different noble gas ions, 57 this similarity is reasonable since calculations of the level widths show the decay constants to be comparable for different alkali ions. 58 Resonant neutralization to the first excited level is not possible when the Fermi level is equal to the energy of the excited level for the ion at rest at infinite distance from the surface ͑see Fig. 1͒ . This is consistent with Fig. 5 , where the work function below which RN is possible is approximately 1.5 eV lower than expected based on the energy of the level at infinite distance from the surface ͑see Table I͒ . This lower work function compared to the energy of the first excited level is caused by the level shift of the ions near the surface. 56, 59, 60 The shift of the first excited level a few angstrom from the surface where the charge state is frozen is of the order of 1 or 2 eV. 13, 14 For RN to take place, the Fermi level has to be near or above the energy of the first excited level at the freezing distance. Hence the energy a is defined at the freezing distance. For example, if in Fig. 1 the Fermi edge is aligned with the energy of the first excited level for the ion at infinite distance from the surface ͑dashed line in Fig. 1͒ , no neutralization is possible. The difference between the energy of the first excited level and the work function threshold for RN is similar for the different ions because the level shifts of the ions are comparable at the freezing distance. 13, 14 The dependence of the work function threshold on the energy of the ions, as seen in Fig. 7 , occurs because the freezing distance decreases with increasing velocity. 24, 25 When the freezing distance decreases, the energy a in- creases, and thus the work function below which RN can take place decreases. Note that in neutralization of alkali ions no clear dependence of the work function threshold for RN on the energy of the ions is observed at energies well below 1 keV, because the level shift changes very little with distance at large freezing distances. Since the work function below which RN occurs depends on the ion energy, the relative importance of CIN and RN depends on the ion energy for a fixed work function. This is demonstrated in Fig. 4͑c͒ , where a characteristic velocity plot is shown for a work function ϭ2.8 eV ͑solid circles͒. For comparison, the characteristic velocity plot for ϭ4.5 eV, where only CIN is possible, is also shown ͑open circles͒. The dashed line corresponds to the hypothetical neutralization behavior at ϭ2.8 eV in the absence of RN. The decrease of the measured signal compared to the dashed line is caused by RN. As expected from Fig. 7 , at a work function of ϭ2.8 eV, RN has a very small influence for an initial energy of 5 keV, but does lead to a significant signal decrease for lower initial energies. Because the relative importance of the mechanisms depends on the initial energy, the characteristic velocity method cannot be used to derive the coverage from extrapolation to infinite velocity. Figure 4͑c͒ shows that the extrapolation leads to an overestimation of the derived Ba coverage. Note that the extrapolation of the dashed line in Fig. 4͑c͒ indicates the correct coverage since here only one mechanism is available: collision-induced neutralization. The implications of these observations for a quantitative compositional surface analysis using LEIS at low-work function systems is discussed elsewhere. 55 We conclude that at low work functions noble gas ions can be neutralized by a resonant electron transfer to the first excited level of the ion. All observations can be described by the resonant charge exchange theory for neutralization of low-energy alkali ions.
E. Macroscopic work function versus local potential
Investigations of RN of low-energy alkali ions have shown that the neutralization probability is governed by the macroscopic work function. 56, 58, 61 A freezing distance of the order of a few angstrom is in agreement with the concept of a macroscopic work function, since at this distance the local potential of the atoms is smeared out and the electron distribution is rather smooth. However, most of these studies have used initial ion energies well below 1 keV. To validate whether the concept of a macroscopic work function can be extrapolated to higher initial energies and corresponding smaller freezing distances, the method of inducing the work function changes was varied. A comparison of the neutralization behavior of the Ba/W, Ba/Re, and Ba/O/W systems is performed in Fig. 5͑a͒ , where the characteristic velocities for Ne ϩ ions scattered from Ba adatoms are shown versus the work function ͑see also Sec. III B͒. Note that the oxygen in the Ba/O/W system is positioned in the plane between the Ba and W atoms and does not shield the Ba atoms from the incident ions. 2, 62 For these different systems, the characteristic velocity shows the same dependence on work function, independent of the method of inducing the work function changes. How-ever, the local potentials of the Ba atoms at a certain work function are not identical. The work function decrease for the Ba/W system is achieved by increasing the number of Ba-W dipoles, where the dipole strength remains approximately constant up to a coverage of Ba ϭ0.3 ML. In contrast, for the Ba/O/W system the density of the dipoles equals the Ba density at the work function minimum, but due to the adsorption of oxygen, the average dipole strength decreases and the work function increases. Therefore, for the same macroscopic work function, both systems have different local potentials of the Ba atoms. Similarly, because the work function of the clean Re͑0001͒ substrate is larger than for the clean W͑110͒ substrate ( Re ϭ6.0 eV), an identical macroscopic work function for the Ba/W and Ba/Re systems requires a different dipole arrangement. We can thus conclude that also for noble gas ions at initial energies of a few keV, the neutralization probability of the resonant mechanism is governed by the macroscopic work function.
V. CONCLUSIONS
We have investigated the neutralization of noble gas ions by studying the neutralization probability of He ϩ , Ne ϩ , and Ar ϩ ions scattered from Ba atoms on surfaces with different work functions. Through combining our results with those of previous neutralization studies available in the literature, we have shown that for noble gas ions scattered from Ba atoms and other alkali͑-earth͒ elements, collision-induced neutralization is the dominant process. It should be stressed that this is only valid for the initial energies ͑2-5 keV͒ and small impact parameters ͑typically up to 0.09 Å͒ used here. At lower energies or larger impact parameters CIN might not be possible because the ground state is insufficiently promoted, and then the neutralization will be dominated by AN. The neutralization probability due to CIN is insensitive to work function changes since the promotion depends on the core levels of the target atoms. Moreover, since CIN takes place during the close encounter between the ion and target atom, the neutralization probability is expected to be insensitive to the scattering geometry.
Resonant neutralization to the first excited level of the noble gas ions was observed at low work functions. The work function dependence of the neutralization probability is consistent with the resonant charge exchange theory. Resonant neutralization is only possible below a certain work function, which depends on the ionization potential of the first excited level and on the velocity of the ion. The neutralization probability due to the resonant mechanism increases exponentially with decreasing work function, while the rate of increase is determined by the velocity of the ion and the decay constant of the level width. In contrast to AN and CIN, the neutralization probability for this resonant channel is not determined by the specific ion-target combination, but rather is governed by the macroscopic work function. Consequently, the neutralization probability is determined by the velocity of the ion perpendicular to the surface and thus depends not only on the energy of the ion, but also on the scattering geometry.
